Abstract. We employ a pair of single-cycle near-infrared pulses to control coherent transfer of single electrons between the contacts of a plasmonic nanocircuit. As a result, attosecond and highly nonlinear phenomena occur at pJ pulse energies.
Introduction
Recently, we demonstrated that single-cycle pulses of minute energy content may result in extremely nonlinear optical phenomena at the nanoscale by exploiting an electronic circuit with a few-nanometer gap between the tips of an optical antenna. The strong electrical bias provided by the field contained in ultrashort optical pulses was harnessed to drive tunneling and ballistic acceleration of electrons to generate a current through the free-space gap with PHz bandwidth [1] . This non-perturbative process is fully coherent with the driving radiation and occurs within a half-cycle of the near-IR carrier wavelength. In this work, we further explore this concept by gaining direct temporal information via interferomeric autocorrelation measurements with two identical replicas of truly single-cycle driving pulses. Figure 1 (a) depicts the scheme of the experimental technique. The pulses are set at a variable delay by a Mach-Zehnder interferometer and then focused tightly onto a nanocircuit equipped with a single bowtie nanoantenna. The circuit ( Fig. 1(b) highly nonlinear. The bowtie design allows sub-wavelength concentration of the electric field of the laser pulse while preserving its single-cycle duration. Our 80 MHz Er:fiber laser system [2] generates 4.2-fs single-cycle pulses at a carrier wavelength of 1325 nm spanning from 800 nm to 2200 nm [2] . A passive phase-locking scheme is implemented to allow arbitrary control of the carrier-envelope phase without affecting the temporal duration of the pulse [1] . These electrical transients provide a strong and ultrafast bias for driving of electronic transport across the junction. Due to the strong nonlinearity of the I-V characteristics, an optically-induced symmetry break occurs in the electric transport which leads to a net current that solely depends on the carrier-envelope phase [1] . For the autocorrelation measurements, the current generated at the nanojunction of the circuit is recorded as a function of both the delay between the two pulse replicas and their carrier-envelope phase. The full dataset for the interferometric autocorrelation as a function of the carrier-envelope phase is shown in Fig. 1(c) as a color map. At perfect temporal overlap (delay = 0 fs) the optical power amounts to 4 mW, still corresponding to a minute driving pulse energy of 50 pJ. Fig.  1(d) shows the current recorded as a function of the delay for a carrier-envelope-phase set to 0. This measurement is indeed an interferometric autocorrelation based on a nonperturbative nonlinear process for the single-cycle pulse. Background-free currents of up to 5 pA can be detected in the case of Δt = 0 fs. This value corresponds to approximately one electron being transported every second pulse. The temporal width of the central maximum in the current measured for cosine-shaped pulses (CEP = 0) is found to be less than 1 femtosecond which is well below the duration of a half-cycle of the driving field. This finding places the average transfer time of an electron between the two contacts in the attosecond range. Our results are a clear and direct indicator for the fact that the electronic transport at the nanojunction is fully coherent with the
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driving pulses and takes place on timescales shorter than a half-cycle of the driving field. Fig.2 shows the results of the Time Dependent Density Functional Theory calculations of the strong field ionization in plasmonic gaps. The theoretical analysis has been performed for a model system composed by two identical gold cylinders of 5 nm radius separated by 6 nm gap. Fig 2(b) shows the time evolution of the electric field in the center of the gap (normalized to 1). In the (c) and (d) panels we plot the electronic current along the dimer x-axis as a function of time, for two different pulse intensities. The emitted electrons cross the junction resulting in the charge transfer between the cylinders. Interestingly, the oscillating electric field in the gap results in the quiver motion of the emitted electrons that is particularly visible for low intensity of the incident pulse (central panel) owing to the small quiver amplitude. At higher fields the transport within the gap occurs within one optical cycle of the driving field.
Model of the Ultrafast Nanocurrents

Conclusions
In summary, we have performed interferometric autocorrelation measurements with single-cycle pulses that exploit the electric currents coherently driven at the gap of a single nanodevice by optical pulse with pJ energies. The full width at half maximum of the current autocorrelation amounts to less than one femtosecond, demonostrating that we can transfer individual electrons between the two contacts on an attosecond time scale. In the future, we are aiming at a regime where the Coulomb interaction between electrons becomes important at truly atomic time and length scales.
